Monoterpenoids are naturally occurring compounds that are found in higher-order plants. These compounds are secondary metabolites that seem to play no major role in the metabolic functioning of the plants. One role of monoterpenoids in the plants is to defend against plant-directed pathogens, herbivores, or competing plant species. These compounds are good leads for synthesis or isolation of more effective insecticides. To accomplish these goals, we developed quantitative structure−activity relationships (QSARs) in order to predict insect toxicity of monoterpenoids and derivatives that have not yet been synthesized or experimentally tested. Correlations were found between toxicity and certain quantum and traditional chemical parameters. We found a linear relationship between LD50 values for house fly toxicity and Mulliken populations in aromatic monoterpenoids. Multiple linear regression of an E-State descriptor and a GETAWAY (GEometry, Topology and Atomic Weights AssemblY) descriptor also showed a relationship with house fly toxicity for a wide range of monoterpenoids.
INTRODUCTION
Monoterpenoids are components of essential oils found in many higher-order plants. These compounds give plants their unique odoriferous properties. For example, limonene is primarily responsible for the scent in oranges, and thymol gives thyme its unique odor. These compounds are often found in perfumes and other cosmetics and are commonly used as food additives and therapeutic drugs (1) .
Monoterpenoids are secondary plant metabolites that consist of two isoprene units. These compounds contain 10 carbons and seem to play no major role in the basal metabolic functioning of the plant. However, monoterpenoids are important to plants because they can attract beneficial insects to the plants, which can aid in pollination, and they can help plants defend against pathogens and herbivores such as insects (2) . The natural insecticidal properties of some monoterpenoids make them excellent lead compounds for the development of safe, effective, and fully biodegradable insecticides.
Monoterpenoids have been shown to possess insecticidal activity, and a few of these compounds are currently being used commercially as pesticides or repellents (d-limonene, menthol, citronellal, and linalool) (1) . Although these monoterpenoids are being used commercially, the mode of action of monoterpenoids is still not well understood. In addition, quantitative structure-activity relationships (QSAR) have not been determined, so the chemical basis for their insecticidal properties is not yet known.
In this paper, the order of toxicity of 30 natural monoterpenoids and their derivatives to Musca domestica (house fly) is examined, using some data reported previously from this laboratory (3) . The toxicities of these compounds were then used to develop QSARs. Developing these relationships may facilitate the design of more effective insecticidal monoterpenoids and provide insight into the structural properties that are responsible for their toxicity. The QSAR development investigated a variety of parameters that help explain receptor-ligand interactions. Steric and electronic descriptors were used to help encode information about the important characteristics of monoterpenoids that are responsible for their toxic effects. Geometry, topology and atomic weights assembly descriptors (GETAWAY) were used to capture information about the three-dimensional structures of the molecules and encode information about the structural and steric requirements of these compounds (4). This descriptor assigns higher values for atoms that are distal from the molecule's geometric center. Higher values can be interpreted as the atoms that are more accessible to external interactions, and encode information about the molecule's size and shape. Two descriptors were used to explain electronic features important for eliciting a toxic response. Mulliken populations and an electrotopological state descriptor were used to represent electron density around certain atoms in the molecule. Electrotopological state descriptors have been shown to be highly correlated with Mulliken population and encode information about an atom's electron accessibility for external interactions (5) . These descriptors have been useful in other QSARs to help explain the importance of electronic properties of molecules for various biological and physicochemical effects (6) (7) (8) (9) . In this study, these descriptors were used to develop effective models to explain and predict insect toxicity of monoterpenoids and their derivatives.
MATERIALS AND METHODS

Synthesis of Monoterpenoid Esters.
A total of 30 monoterpenoids and their derivatives were examined in this study. Parent monoterpenoids (alcohols or phenols) were used to synthesize their ester and ether derivatives (10) . (l)-Carveol (l at the 4-position) and its derivatives were constructed from a mixture of isomers (racemic at the 6-position). (S)-(-)Perillyl alcohol, (R)-(-)carvone, (S)-(-)limonene, (1R)-(-)-myrtenol, and mixtures of carvomenthen-4-ol, and R-terpineol isomers were used in this study.
Esters. Parent alcohols or phenols (1 mol) were added to the corresponding anhydride or acid chloride (2 mol) to form ester derivatives in the presence of a catalytic amount of pyridine (2-5 drops). Methylene chloride was used as the solvent, and the reaction was allowed to stir for 24-48 h at room temperature. Reactions were monitored by thin-layer chromatography (TLC) using a 9:1 hexane/ acetone mobile phase solution, and visualization of the TLC plate was accomplished with vanillin spray (8 g of vanillin, 1.25 mL of sulfuric acid, brought up to 250 mL with methanol) and heat. The reaction was worked up with four washes of 100 mL of 10% NaHCO3 solution. Methylene chloride was removed using a rotary evaporator. Compounds were purified using silica gel column clean up, using a 19:1 hexane/ acetone solvent system. Identities of the esters were determined using TLC, comparing R f values of the parent alcohols or phenols against reaction products, and were confirmed using 1 H NMR on a Varian VXR 300 MHz spectrometer. All 1 H NMR spectra performed used DCCl3 as the solvent.
Ethers. Ether reactions were carried out using thymol and the corresponding alkyl halide in the presence of a phase-transfer catalyst, benzyltributylammonium bromide (BTAB). Thymol (5 g) was dissolved in 50 mL of CH2Cl2 together with the alkyl halide (10 mL) and BTAB (0.535 g). Then NaOH (2.0 g) dissolved in H2O (175 mL) was added onto the organic layer. The reaction was allowed to stir for two weeks. The reactions were worked up and structure identities were determined as described for esters.
Bioassay. LD 50 values were obtained for 30 monoterpenoids. A topical application was used to apply 1 µL of various concentrations of monoterpenoids to the pronotum of house flies. Ten treated house flies where placed in a jar. House flies used in this study were a mix of males and females. For each concentration, three replications of 10 monoterpenoid-treated flies were used. Six treatment concentrations were used for each chemical tested. Acetone was used as the solvent for each treatment. Controls were run for each of the treatments. A 1-µL aliquot of solvent was applied to the pronotum of the flies. At the end of the 24-hr exposure, mortalities of the house flies were recorded. LD50s of all the monoterpenoids were calculated using the Spearman-Karber method (11) . Some compounds' LD50 values were previously reported from our lab (3, 10) . LD50 values were converted to be expressed as µmol/fly.
Descriptors. Mulliken population was calculated in GAMESS molecular modeling software (12) . Geometry and energy of all the molecules were optimized using a split valence basis set and a polarization function (6-31*d) calculation using GAMESS. Hessian runs were performed using 6-31*d calculations using GAMESS to show that all the molecules tested were at an energy-minimum conformation. Electrotopological state descriptors were calculated using E-calc. GETAWAY descriptor HATS2p was calculated by optimizing each structure using AM1 calculations on the CAChe work system (Fujitsu). Atomic coordinates were then input into the DRAGON program to obtain the GETAWAY descriptors.
Regression Analysis. Linear and multiple linear regressions were performed using SAS. The toxicity data was expressed as log(1/C), where C is the concentration in µmol that produces 50% mortality in house flies. The quality of each of the regression models was evaluated using the square of the correlation coefficient (r 2 ), and cross-validation (q 2 ). Q 2 values indicated the predictive power of the multiple regression equation. We examined only regressions with r 2 > 0.80. To evaluate the validation of the models, the leave-one-out method was used, which is calculated using the following equations: where and SSTO is the sum of squares total.
Cross-validation values greater than 0.40 have been used to imply a nonrandom relationship (13) .
RESULTS
Because of the diverse structures of the monoterpenoids in this study, they were studied as two groups: the aromatic monoterpenoid, thymol, and nine derivatives (Figure 1) , and 20 monocyclic and bicyclic (alicyclic) monoterpenoids ( Figure  2) . The set of alicyclic monoterpenoids all contained a methylcyclohexene backbone with the double bond present between carbon atoms 1 and 2 (Figure 3) .
Twenty alicyclic monoterpenoids were used to construct the first QSAR model. An electronic descriptor and a steric descriptor were used to predict the toxicity of monoterpenoids and their derivatives to house flies. The GETAWAY descriptor was used to account for size and shape requirements that are essential for monoterpenoid toxicity. The electrotopological state (E-state) descriptor on atom 2 (Figure 3 ) was used to represent the important electronic properties necessary for monoterpenoids to exert their toxic effects. An excellent multiple linear correlation was obtained between GETAWAY and electrotopological state descriptors with house fly toxicity (n ) 20, s ) 0.11, F ) 32.59, r 2 ) 0.86, and q 2 ) 0.72). The model obtained is as follows: 
Cross-validation q
log(1/LD 50 ) ) -30. 
Experimental and calculated log(1/LD 50 ) values are shown in Table 1 . The model showed a good correlation between descriptors and their insecticidal activity (Figure 4) . Equation 3 demonstrates that as the electron population or electronic accessibility increases, the monoterpenoid's toxicity increases, and as GETAWAY values increase, toxicity also increases. In this model, there is an interaction effect between the two descriptors. There is a balance between GETAWAY and electrotopological state descriptors due to the negative interaction term. This indicates that if both of these descriptors' values get too large, toxicity will decrease. If one of the descriptors yields a smaller value, it allows the other descriptor to have a larger value and the compound will still exert a toxic effect.
The other QSAR was developed for thymol and nine of its derivatives. Two of the derivatives were ethers and the other seven were esters. Thymol and the two ether derivatives had the greatest toxicity to the house fly. A linear relationship was obtained between toxicity of the thymol group of compounds and the Mulliken population (electron density) around atom 1, the phenolic carbon (n ) 10, s ) 0.08, F ) 68.52, r 2 ) 0.90, and q 2 ) 0.84). The numbers on the atoms of the thymol compounds correspond to the IUPAC nomenclature ( Figure 5 ). Experimental and calculated log(1/LD 50 ) values are shown in Table 2 . The model showed a good correlation between Mulliken population and toxicity for the thymol compounds and This relationship shows that toxicity decreases as the Mulliken population around the phenolic carbon 1 (atom number in Figure 5 ) increases.
DISCUSSION
Two new QSAR models were developed for insecticidal monoterpenoids. In both models, the electronic characteristics of the molecules play an important role in toxicity. The alicyclic model used an electrotopological state descriptor to represent the electronic properties of the molecules. As the electron population or electron accessibility (rich) increased, toxicity also increased. This relationship might be due to the electrostatic interaction of these compounds to a receptor, and as electron accessibility for the monoterpenoids molecules increases, binding affinity also increases. Electronic properties were also the essential component in the thymol QSAR. However, its effect was the inverse of the alicyclic QSAR. In both models, the electronic properties are very important and indicate the toxicophore regions in the molecules that are important for their toxicity.
Size and shape of the molecule were implicitly expressed in the GETAWAY descriptor. The alicyclic monoterpenoid QSAR used a dynamic range of compounds, including monocyclic and bicyclic monoterpenoids. Because of this dynamic range, our model used the GETAWAY descriptor to account for the minimum required shape and size of these compounds. The use of this descriptor infers that there is an optimum shape and size requirement that monoterpenoids must possess to fit into a site of toxic action.
In the thymol QSAR, the size and shape of the structure had very little effect on toxicity. This is probably due to the fact that these compounds are very closely related in structure, and that the slight changes in steric dimensions have little effect on their activity. This information potentially can be used to aid in the development of a more effective thymol derivative. Also, because changing the size and shape of the structural moiety on the oxygen atom has little effect on toxicity, selected groups can be added as substituents on that atom to influence the electronic properties of the molecules in order to increase their toxicity.
As previously noted, the modes of action of monoterpenoids are not well understood. Researchers have shown that the monoterpenoids linalool, bornyl acetate, cineole, citral, and pulegone have affinity for acetylcholinesterase (14) ; however, high concentrations of monoterpenoids were used in that study. Researchers were unable to correlate the inhibition of enzyme activity with the monoterpenoids' toxicity. Other researchers demonstrated that thujone and some of its metabolites showed good binding affinity for GABA-gated chloride ion channel in mouse brain (15) . It also showed Drosophila of the dieldrinresistant (Rdl) strain were less susceptible to thujone toxicity. Another researcher has demonstrated that eugenol, R-terpineol, and some other monoterpenoids bind to octopamine receptors (16) .
Monoterpenoids are a diverse set of compounds whose mode of action may not be represented by one exclusive mechanism. The two individually developed QSAR models (aromatic, and alicyclic) suggest that the monoterpenoids included within each model exert the same mode of action. However, the QSARs derived for each of the two models are somewhat different, suggesting that the compounds in the alicyclic model may have a different mode of action than the compounds in the aromatic model, because of the different structural requirements needed to develop the models. These models provide insight into the important regions of the molecules responsible for their insecticidal properties. We hope that these models will be used in the future to develop new effective alternative insecticides, as well as contributing to a better understanding of their mechanism(s) of action.
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